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PLAXES 31  TO 34 
Many investigators (1-6) have demonstrated that peripheral nerve fibers of animals 
deficient in vitamin B1 (thiamin) degenerate, and some (3, 5, 6) have noted similar but 
less marked changes in control starved animals.  Other investigators (7-10)  found no, 
or few, degenerating nerve fibers in thiamin deficient rats, chicks, or other animals, and 
almost all have expressed the opinion that the symptoms of thiamin deficiency cannot be 
explained on the basis of observable pathological lesions.  Non-specific vacuolation and 
shrinkage of nerve cells in various parts of the central nervous system have been seen 
frequently in both thiamin deficient and starved control animals, but in a recent review 
Vedder  (11)  pointed  out  that  marked  changes,  the  appearance  of  which  suggested 
exhaustion, were to be found in ganglion cells of the nervous system, especially in the 
lumbosacral region of the spinal cord? 
It is apparent from these contradictory reports that the histopathology of thiamin 
deficiency is unsettled.  Some investigators do  not  believe that  degenerative lesions 
occur in thiamin deficient animals; others feel that the lesions that have been described 
are due to an absence of other factors from the diet, or to starvation; whereas those who 
did find degenerative lesions in this condition appear to be uncertain as to their exact 
nature.  Finally, one is led to the conclusion that the lesions which were observed in 
starved animals are of the same indefinite type, e.g., degeneration of myelin or demye- 
linization, as have been observed in thiamin deficient animals.  With one exception (7), 
the clinical symptoms that were observed in thiamin deficient animals were distinct from 
anything observed in starved or otherwise deficient animals. 
The general conclusion that a degeneration of myelin (or demyelinization) occurs in 
thiamin deficient and starved animals has been  confirmed by the  polarized light tech- 
nique (12,  13), and by the same method it has been pointed out that many  more de- 
generating nerve fibers are to be found in chronic than in acutely deficient rats (13). 
In a  recent study of starvation in  rats  ~ marked alterations were  observed in  the 
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myelin sheaths of peripheral nerves in animals that exhibited no signs of paralysis.  In 
these animals  the lipoidal  or myelin droplets, which  can be clearly demonstrated  in 
normal rats by the osmic acid technique, diminished  in size and in the most markedly 
starved rats, disappeared.  The axis cylinders remained intact.  When an adequate ca- 
loric intake was reinstituted, the lipoidal droplets reappeared and in 2 weeks the nerves 
returned to a  normal appearance.  During this apparent change in the lipoids  of the 
myelin sheaths many myelin sheaths stained black by the chlorate-osmic acid method 
(14), but it was not difficult  to distinguish  these fibers  from degenerating ones, as no 
other morphological  characteristics of Wallerian  degeneration  ~ were present.  In con- 
ventional Marchi preparations of peripheral nerves from starved rats, a few black nerve 
fibers might be mistaken for degenerating ones, as this method fails to bring out clearly 
the structure of a  nerve, but if additional control methods, i'e.,  osmic acid and silver 
methods, are employed, degenerating fibers can be readily distinguished from those that 
have suffered from an apparent change in the myelin sheaths due to starvation. 
In another study (15) it was found that opisthotonus always developed in pigeons fed 
a thiamin-free diet, when the caloric intake was maintained at a nearly normal level by 
tube feeding.  When a partially thiamin-free ration was fed, the caloric intake being 
the same, pigeons developed a chronic deficiency, which is characterized by leg weakness. 
In these birds opisthotonus is usually absent but may occur terminally.  In many birds 
in this latter (chronic)  group, evidences  of incidental cardiac failure were seen post- 
mortem. 
In  the present paper  the histopathological  lesions which  appear  in  the 
nervous systems of acutely deficient pigeons with opisthotonus, in chroni- 
cally  deficient  ones  with  leg  weakness,  and  in  fasting  pigeons  without 
neurological symptoms  are  to  be  described.  Less  attention  will be paid 
the changes which occur in the heart muscle and other organs of chronically 
deficient pigeons with signs of cardiac failure.  The osmic acid and chlorate- 
osmic acid methods have been used for studying the myelin sheaths,  and 
Davenport's rapid silver (protargol) method (16) has been depended upon 
to  detect  changes  in  the  axis  cylinder.  It will  be pointed  out  elsewhere 
(17)  that, contrary to prevailing opinion, these methods detect very early 
degenerative changes in peripheral nerves (in the rat no later than 8 hours 
after  the  sciatic nerve has  been  sectioned).  Moreover,  they  are  reliable 
and the preparations  are permanent.  Early granular  degeneration in the 
axis cylinder and beginning fragmentation of the myelin sheath have been 
adopted as the criteria of degeneration here.  Blackening of myelin sheaths 
by the  chlorate-osmic acid method alone has  been  considered suggestive, 
3 The term degeneration is used synonymously with Wallerian degeneration,  and is 
employed here and later in the paper to indicate that disintegration of the axis cylinder 
and fragmentation of the myelin with globule  formation has,  or is,  occurring.  The 
apparent change which occurs in the lipoids  of the myelin sheaths during starvation 
will be referred to as the starvation effect.  It should be remembered that the two con- 
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and  when  accompanied  by  morphological  evidences  of  disintegration  in 
the axis cylinder and myelin sheath,  as positive evidence of degeneration. 
Shrunken,  vacuolated,  and  darkly  pigmented  neurons  were  observed  in 
all animals including the controls, but only definite chromatolysis or necrosis 
of ganglion  cells has  been  considered significant. 
Diets and Pigeons 
All  of the  observations reported in  this  paper were  made upon white Karneaux 
pigeons that were 6 to 8 weeks old at the beginning of the experimentation.  They were 
caged and fed according to methods, and for reasons to be outlined in detail in another 
paper (15), but the experimental diets will be mentioned here briefly for the sake of 
completeness.  The first experimental thiamin-free diet used in this study consisted  of 
normal, mixed grain (Canadian peas,  Kaffir corn, yellow corn, and hard wheat) auto- 
claved at 20 pounds of pressure for 6 hours.  From the histological  studies of 25 birds 
that consumed this ration it was soon obvious that the pathology of avian beri beri 
as generally produced was extremely variable.  As this was thought to be due to in- 
dividual differences in food consumption, purified diets that could be introduced into 
a  bird's  crop  by  tube  were  devised.  Diet  II  contained  casein  (alcohol-extracted) 
20 per cent, corn starch 65 per cent, cod liver oil 4 per cent, peanut oil 6 per cent, salt 
mixture 4 per cent, and vitamin K  concentrate (Abbott).  A known amount of this 
diet was introduced into the bird's crop through a rubber tube in the manner to be 
described elsewhere (15).  As a control for this diet, a number of birds were fed diet II 
plus 15 per cent autoclaved yeast.  As this dietary improvement (known as diet III) 
did not alter the experimental observations, except for differences in the thiamin re- 
quirements*  it will not be considered further. 
Variations  in Experimental Animals 
Preliminary  clinical  (15)  and  pathological  observations  on  more  than 
100 pigeons preceded the detailed studies which are reported here.  During 
this survey it was found that at least two distinct types of thiamin deficiency 
could be produced at will in the pigeon, each of which had a  characteristic 
pathological picture.  Typical examples  of each of these,  plus  starvation 
control, and starved and deficient pigeons were then produced deliberately 
for the purpose of studying  their nervous systems in much greater detail 
than had been done before.  These pigeons have been grouped as follows, 
depending on whether they were:  (1) starved as well as deficient in thiamin, 
(2)  acutely  deficient  in  thiamin,  (3)  chronically  deficient  in  thiamin,  or 
(4)  starved on normal, mixed grain. 
The starved and vitamin B1 deficient group 1 included 24 birds that were allowed 
to consume the autoclaved grain diet voluntarily, and others that were fed diet II by 
These observations were  made in  collaboration with Dr.  O.  A.  Bessey and are 
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tube in small amounts calculated to produce starvation.  They lost from 20 to 30 per 
cent of their  total weight by the time that neurological manifestations had appeared 
and were sacrificed before and during opisthotonus, or after varying periods of repair, 
which was accomplished by injecting them daily with 50 or 100 micrograms of thiamin. 
The 13 birds in group 2 were made acutely deficient in the following manner: they 
were tube-fed a daily ration of 20 gin. of diet II until vomiting occurred on about the 
8th day.  This diet was then supplemented daily by 50 micrograms of thiamin for a 
period of 3 to 6 weeks, by which time they were thoroughly accustomed to tube-feeding. 
The  thiamin  was  then  discontinued,  and  probably because  they vomited  but  little, 
opisthotonus developed in 7 to 12 days.  Some of these birds were killed at the onset 
of opisthotonus,  others  after  opisthotonus  had  been  present  for 24  hours,  and  still 
others after they had received 50 to 100 micrograms of thiamin daily for i to 5 days. 
• In group 3, a chronic deficiency was produced in order to study the peripheral nerves 
of pigeons with leg weakness and not opisthotonus.  25 birds were fed a  daily ration 
d  i0  or 20 gin. of diet If, and after vomiting had occurred, 7 to 10, or I0 to 15, micro- 
grams of thiamin, respectively, were  injected intramuscularly into each bird each day. 
Between the 16th and 30th days, ataxia became evident and  I to 3 days later leg weak- 
ness so pronounced that the birds  were unable to stand had developed.  They were 
sacrificed for histological study from 3  to ii  days  after the appearance of ataxia,  or 
after varying intervals of repair which was  effected by giving 50 to 100 micrograms of 
thiamin  daily.  A  number of birds  continued  to receive diet II  during  the curative 
period and recovered satisfactorily, but for the sake of convenience, most of them were 
fed normal mixed grain. 
The 6 birds of group 4 were starved by feeding them small daily rations of normal 
grain plus 50 micrograms of thiamin. 
Histopathological  Technique 
All pigeons that  were  sacrificed  for histological  study were killed by chloroform, 
and the entire brain, spinal cord, and both sciatic and brachial nerves quickly removed 
from the body and fixed in 10 per cent neutral formalin, unless otherwise stated.  Great 
care was taken to remove intact the dorsal and sympathetic ganglia, the spinal cord, 
and 5  to 10 ram. of peripheral  nerve in the region of the cervical enlargement  (Fig. 
1 a, x; and Fig. 13).  Other tissues were fixed in Zenker's acetic acid fixative and routine 
sections made and stained  by the  eosin-methylene blue  technique.  All tissues  were 
embedded and sectioned in paraffin and mounted in xylol balsam. 
Sections from representative levels of the brain and spinal cord of each pigeon were 
stained by hematoxylin and eosin, cresyl violet, and a modified Marchi method (chlorate- 
osmic acid method)  (14)  and the chlorate-osmic acid preparations were counterstained 
by 1 per cent aqueous carbolfuchsin.  The sections through the cervical enlargement 
of the spinal cord including the dorsal and sympathetic ganglia and attached peripheral 
nerve, were stained as well by the rapid silver (protargol) method of Davenport (16). 
Representative  sections  of the  peripheral  nerves  of all  birds  were stained  by the 
chlorate-osmic acid method and in many birds  a  distal  segment of the sciatic nerve 
was tied in situ to a glass rod while still unfixed, and placed directly in ~  per cent osmic 
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In addition to the routine procedure just  described,  special attention was paid the 
peripheral  nerves  (sciatic,  brachial,  and nerve to the major pectoral muscle)  in the 
chronically  deficient birds  with leg weakness (group 3), including those that were re- 
paired.  In these birds  the peripheral  nerves  were exposed as shown in Fig.  1, and 
alternate segments of each stained by the osmic acid technique and rapid silver (pro- 
targol)  method of Davenport.  The most proximal  segment of  the sciatic nerve (A) 
was stained by silver, the adjacent distal segment  (B) by osmic acid, the next (c) by 
silver,  and the most distal (D)  by osmic acid.  The brachial  nerve was treated in a 
similar manner.  The segment of the brachial nerve (A) just distal to the brachial plexus 
(Fig.  1, x) was stained by silver, the adjacent distal segment  (B) by osmic acid, the 
next (c)  by silver, and the most distal (D)  by osmic acid.  The nerve to the major 
pectoral muscle (I,.M.) was stained by osmic acid only.  These nerves were all sectioned 
longitudinally.  In addition, the distal part of segment  (B) of the sciatic and brachial 
nerves  was sectioned  transversely and the number of myelinated nerve fibers in this 
section counted directly (18).  Two completely normal birds  were prepared  in a like 
manner for control studies. 
RESULTS 
I.  Starved and Deficient  Birds (Fed Autoclaved  Grain or Starvation Ration of 
Diet II by Tube) 
The 24 birds of this group lost weight rapidly and developed leg weak- 
hess  s in  from  13  to  34  days.  Opisthotonus  appeared  several  days later. 
In the peripheral nerves of most of these pigeons a  few degenerating nerve 
fibers were  to  be  found, and  in  several  with marked leg weakness,  there 
were many more such fibers.  In the most starved birds of this group, many 
intact myelinated nerve fibers were found to blacken in the chlorate-osmic 
acid stain.  For reasons which will appear later, this was thought to be due 
to starvation, per se. 
In the spinal cords a few scattered black globules were seen in all deficient 
and starved birds in this group, and in one bird with marked leg weakness, 
many degenerating fibers were found, in the ventral funiculus only.  In the 
medulla oblongata  of  a  few pigeons,  black  globules  were  present  in  the 
median longitudinal fasciculus.  In the lateral part of the medulla oblongata 
were other degenerating nerve fibers which could be traced into the restiform 
body, and in one case from there into the medullary portion of the cere- 
bellum.  In  one  markedly  starved  bird,  black-staining  intact  myelin 
sheaths were observed in the vagus nerve,  but in no single case were de- 
generating fibers found in this nerve.  Examination of the brain stem and 
spinal  cord  at  various levels,  and of the  dorsal  and  sympathetic ganglia 
by the cresyl violet, hematoxylin and eosin, and  eosin and methylene blue 
stains  revealed  a  few vacuolated and  shrunken  cells  here  and  there,  but 
definitely pathological cells were not seen. 688  AVIAN  THIAMIN  DEFICIENCY 
2.  A cutely Thiamin Deficient Pigeons 
There were 14 pigeons in this group and  they developed opisthotonus no 
sooner than  7  and no later  than  12  days after  thiamin was discontinued. 
5  of these  were  sacrificed when opisthotonus appeared,  and  2  were  given 
100 micrograms of thiamin intramuscularly, and allowed 2 and 4  hours to 
recover  before  they  were  sacrificed,  in  order  to  be  certain  that  residual 
leg weakness was not present.  Of these 7 pigeons, one had no degenerating 
nerve fibers  or pathological nerve  cells  in  either  the peripheral  or  central 
nervous  systems,  and  in  4  an  occasional degenerating  fiber  was  found in 
the  sciatic  nerve  only.  In  one  other,  in  addition  to  degenerating  nerve 
fibers  which  were  observed  in  the  sciatic  nerve  and  ventral  funiculus  of 
the  cervical spinal  cord,  a  number of dorsal ganglion cells were  necrosed 
(Fig.  7). 
After a peripheral  nerve fiber in the rat has started to degenerate,  at least  24 and 
preferably  48 hours  must pass  before  degeneration  has progressed  far enough  in  the 
myelin sheath for it to be detected by the chlorate-osmic acid method.  Several observa- 
tions indicate  that 48 hours are sufficient for this  change  to take place in the pigeon. 
Consequently,  many degenerating  fibers could be present in acutely thiamin deficient 
pigeons and not be detected by the  chlorate-osmic  acid,  or  any  other  method.  To 
determine  if this were happening in the acutely deficient pigeons, the lives of 7 of them 
with opisthotonus were  prolonged  for  1, 2, 3, 4, 4, 4, and 5 days respectively,  by giv- 
ing each 50 or  100 micrograms  of thiamin daily.  It was thought that this treatment 
would allow all degenerating  myelin sheaths  to become stainable  by the chlorate-osmic 
acid method, yet prevent more axis cylinders from disintegrating.  (It will be  shown 
later that degeneration  of a  myelin  sheath follows disintegration  of its axis cylinder.) 
2 of these (1 and 5 day cures) had no degenerating nerve fibers or pathological  neurons 
in either the peripheral  or central nervous systems, and in 2 others only an occasional 
degenerating  fiber was to be found in the sciatic nerves;  the rest of the nervous system 
being normal histologically.  In the 2,and one of the 4 day repaired preparations,  a few 
degenerating  fibers  were  to be  found  in  the  sciatic  and  brachial  nerves,  and  in the 
ventral funiculus  of the spinal cord. 
In another 4 day repair  pigeon that had had opisthotonus  for 24 to 36 hours before 
thiamin was administered,  many degenerating  nerve fibers were found in the ventral 
funiculus  of the sacral  (similar to Fig.  15)  and low cervical  (similar to Fig.  14) spinal 
cord; and many fewer were found in this same part of the high cervical cord and in the 
medulla  near the floor of the fourth ventricle  and scattered throughout the reticular 
formation.  There  were  many empty clear  vacuoles  in  the  reticular  region  of  this 
pigeon's medulla  oblongata,  which appeared  to have been occupied at one time by the 
large motor type of cell found in this region normally.  Of this one could not be certain, 
however, as no remains of ceils were to be found therein.  It seems possible that these 
vacuoles once housed neurons,  which gave rise to the fibers located in the ventral Iu- 
niculus  of the spinal  cord which were found degenerating  in this  pigeon.  In another 
pigeon in this group that was mentioned  before, similar  clear  spaces which, however, 
contained  fragments of dying and necrotic neurons, were observed in the dorsal ganglia 
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3.  Chronically Deficient Birds with Leg Weakness 
(a)  Degeneration Experiments.--These birds developed leg weakness,  s not 
opisthotonus,  and  most of  the  unrepaired  birds were found  to have  evi- 
dences of cardiac failure  (hydropericardium,  congestion and  edema of the 
lungs,  engorgement  of the  liver,  and  edema of the  breast  and  thighs)  at 
postmortem  examination.  Their  brains  and  spinal  cord  were  studied  in 
the routine way, as in all other animals,  and one sciatic and one brachial 
nerve  in  each  animal  was given  especial attention;  adjacent  segments  of 
the  sciatic and  brachial  nerves were stained  respectively by silver, osmic 
acid, silver, and osmic acid methods in a proximal to distal order (Fig.  1), 
and a  nerve to the major pectoral muscle was stained by osmic acid. 
Chart  1 gives  all  the  pertinent  data  concerning  these  pigeons  and  in- 
cludes  the  weight  curve,  the  duration  and  severity of the  leg weakness, 
the  pattern  of  degeneration  within  the  spinal  cord,  the  relative  number 
of degenerating  fibers at various points in  the peripheral  nerves, and  the 
changes within the posterior ganglia.  Shrunken and vacuolated cells were 
found  in  the  anterior  and  posterior  horns  of the  spinal  cord  and  within 
the  medulla,  but  they  were  not  considered  significant  because  similar 
changes were seen in normal birds and more severe ones were to be found 
in  the  starvation  control  birds.  No  further  discussion  of  these  changes 
seems  necessary. 
In general there  were more degenerating nerve fibers in  the peripheral nerves of 
birds with marked  (8-7, 9-1, 9-2, 9-8, and  1-07) than  in those with mild leg weakness 
(8-8, 8-9, 9-0, 9-3, and  9-6); the great  majority of degenerating fibers in either  case 
being of the large variety.  Pigeons 9-4 and 9-5 are exceptions to this generalization, 
probably because they had been paralyzed long enough for many of .the nerve fibers 
which degenerated early to be removed completely from the nerve.  This explanation 
was supported by the presence of large numbers of far advanced degenerating fibers in 
the peripheral nerves of these birds. 
Chart  1  also  shows  that  there  were  more  degenerating  fibers  in  the 
peripheral segments c  and D of the sciatic and brachial nerves than in the 
proximal segments A and t3 of these same nerves. 
For example, the distal osmic acid-stained segment 9 of the sciatic nerve of pigeon 9-1 
contained many degenerating nerve fibers (Fig. 3), whereas the more proximal osmic 
acid-stained segment I3  of  the same nerve contained but an occasional degenerating 
nerve fiber (Fig. 2).  Similar changes in the brachial nerve of pigeon 9-8 were shown 
5 The earliest evidence of leg paralysis was  ataxia,  which was  characterized by a 
wide gait, misplacing of the feet, anterior buckling of the knees, and staggering.  This 
was followed in a few hours to days by definite muscular weakness as well.  The birds 
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CHART  1.  Chronically  deficient  pigeons  with  leg  weakness.  The  first  vertical column 
(wt. curve--time in days) contains the weight curve.  The top of each small space corresponds 
to a  weight of 500  gm. and the bottom to 350 gm.  The intensity of leg weakness (r,w.)  is 
represented by +  or  +  +  for ataxia, +  +  +  to  +  +  +  +  for difficulty in standing, and  +  + 
+  +  +  to +  +  +  +  +  +  for an inability to stand at all.  The duration of leg weakness in days 
is noted in the upper right hand comer of this space.  In the next vertical column is a schematic 
drawing of the lumbo-sacral spinal cord (L.S.C.) in cross section showing the distribution of 
degenerating nerve fibers at  this level.  Dots  represent a  few,  and  solid black, very many 
degenerating nerve fibers.  In the last vertical column is a similar representation of the upper 
cervical spinal cord  (cerv.  c.).  The  cervical enlargement plus the  dorsal ganglion and  its 
distal and proximal roots, the ventral roots of the spinal cord, and a short segment of peripheral 
nerve is shown  schematically in another vertical column  (cerv.  enl.).  Degeneration in the 
spinal cord is represented by dots or solid black and in the short length of peripheral nerve and 
dorsal root by  +  or  +  +.  The intensity of degeneration in the myelinated nerve fibers of 
segments A, B, c, and D of the sciatic (sciatic nerve)  and brachial (brachial nerve) nerves is 
indicated by the sign +  for few and  +  +  +  +  for practically all  The column (P.~.) records 
the relative number of degenerating myelinated nerve fibers in the nerve to the major pectoral 
muscle.  Shrinkage  (sh.)  and  axon  reaction  or  chromatolysis  (A.R.) in  the  dorsal ganglia 
(dot. gan.) are indicated by (+)  for few and  (++)  for moderate number of cells involved. 
No changes are indicated by 0.  Sil.  =  silver method,  o.a.  =  osmic acid method.  Mod. m. 
-- modified Marchi or chlorate-osmic acid method. 
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in silver preparations  (Figs. 4 to 6).  Fig. 4 shows that no degenerating axis cylinders 
were to be seen approximately  1 to 2 mm. from the dorsal ganglion, although  a few 
degenerating fibers were found  just distal to this point.  In  segment A (Fig. 5), a few 
axis cylinders are beginning to disintegrate, and in segment c (Fig. 6), many moderately 
far advanced degenerating axons are readily made out.  Definite fragmentation of the 
myelin sheaths can also be recognized in Fig. 6.  It is obvious that degeneration had 
proceeded further  (been present longer) in the distal than in the proximal segments of 
this nerve.  Many similar instances were observed. 
In  most  pigeons  the  degeneration  suddenly  disappeared  or  greatly 
diminished in amount near the junction of the most proximal segment (n) 
of the brachial nerve (Fig. 1 a; segment A) and the brachial plexus (Fig. 1 a, 
x,  and  Chart  1, cerv.  enl.)  but when the deficiency, as manifested by leg 
weakness, was more pronounced  (pigeons  8-7  and  9-8),  the  degeneration 
progressed to within  a  millimeter or two of the dorsal ganglion  (Fig.  13). 
In these pigeons  (8-7 and 9-8) a  few degenerating fibers were found to ex- 
tend  into  the posterior  roots,  but none  were found  in  the  anterior  roots 
of the spinal cord.  It would seem quite clear from these studies that  the 
peripheral nerve fibers of a pigeon with leg weakness produced by a partial 
deficiency of  thiamin,  degenerate  first  at  a  point  most  distal  from  their 
cell bodies and that this process of degeneration progresses centralward. 
In  birds  with  mild  paralysis  (8-8,  8-9,  9-0,  and  9-6)  no  degenerating 
nerve fibers were to be found in  the nerve  to the major pectoral muscle, 
whereas in the more markedly paralyzed birds  (pigeons 8-7, 9-1, 9-3, 9-4, 
9-5, 9-8,  1-07)  a  few to many degenerating nerve fibers were found in this 
nerve.  This fact indicates  that  the  short  nerve fibers degenerated  sub- 
sequently to  the  long  ones. 
The process of degeneration of myelinated nerve fibers in the peripheral 
nerves of pigeons with leg weakness due to a  chronic thiamin  deficiency is 
practically identical to Wallerian degeneration such as occurs in myelinated 
fibers in the distal stump of a divided sciatic nerve in the rat  (17).  Thus, 
in a  vitamin  B1 deficient pigeon with leg weakness, the earliest degenera- 
tive  change in  a  myelinated nerve fiber consisted of marked irregularity, 
occasional  segmentation,  and  granular  staining  of the  axis  cylinder  (Fig. 
8).  Later,  segmentation  of  the myelin  sheath  occurred.  This  series of 
events  in  a  single  nerve  is  illustrated  quite  clearly  in  Figs.  4,  5,  and  6. 
In the sciatic nerve of pigeon  9-1 and  brachial nerves of pigeons 8-7 and 
9-2, more degenerating nerve fibers could be identified in the silver-stained 
segment  c  than  in  the  more  distal  osmic  acid-stained  segment  D.  This 
apparent  discrepancy  was  due  to  the  fact  that  the  axis  cylinders  frag- 
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the myelin, such as the halo formation around the lipoidal droplets which 
have  been observed in  osmic acid preparations  of the  rat's  sciatic nerve 
(17) 8 and  12 hours after it had been sectioned surgically, were never seen 
in the pigeon. 
Changes in Dorsal Ganglia.--Interesting changes were observed in the dorsal ganglia 
of the chronically deficient  pigeons  with leg weakness.  In all ganglia  of this group 
of pigeons, large numbers of definitely shrunken cells were seen.  In addition, a number 
of more severely  paralyzed birds with marked degeneration of their peripheral myelinated 
nerve fibers (8-7, 9-1, 9-2, 9-4, and 9-8) were found to have a few (+)  to a moderate 
(++)  number of neurons with chromatolysis (Fig.  9).  These cells were swollen, the 
Nissl  bodies  diminished  in  size and pale,  and concentrated around the eccentrically 
situated nucleus.  No similar  cells were to be found in the ventral or posterior horns 
of the spinal cord, in the brain, or in the sympathetic ganglia.  It would appear that the 
chromatolysis in these cells was a reaction to degeneration of  their peripheral axons, 
similar  to that which  occurs after surgical  section of a  peripheral nerve. 
Degenerating Myelinated Fibers in Spinal Cord.--The degenerating myelinated fibers 
which were seen in the spinal  cord (also brain) were characteristically distributed (see 
diagrams  in Chart 1).  Thus, in pigeon 8-7 there were a large number of degenerating 
fibers in the ventral funiculus  of the upper and lower cervical and sacral spinal  cord 
(Figs. 14 and 15).  Lesser numbers of similarly located degenerating fibers were found in 
pigeons 8-8, 8-9, 9-2, and 1-07 of this group, and in other pigeons not included in the 
chart.  In pigeons 9-1, 9-4, 9-6, and 9-8 there were other less closely grouped degenerat- 
ing fibers in the posterior part of the lateral funiculus (Fig. 11), and in two other pigeons 
not included in this chart, continuations of these fibers could be traced to the lateral 
surface of the medulla oblongata.  They then entered the restiform body, and could 
be followed  to the medullary portion of the cerebellum  (Fig.  12).  In pigeons  with 
more prolonged deficiencies the degenerating fibers became scattered and no definite 
localization could be made out.  In no pigeons included in this study were degenerating 
fibers found at any level in the posterior funiculus of the spinal cord. 
It would seem that the nerve fibers which degenerate early in the central 
nervous system of the pigeon are located in the posterior part of the lat- 
eral funiculus and constitute an ascending tract, the spino-cerebellar, inas- 
much as these fibers can be traced directly into the cerebellum from a posi- 
tion in the spinal cord usually occupied by this tract.  At about the same 
time  or  earlier,  degenerating  fibers  appear  in  the  ventral  funiculus,  and 
probably  constitute  a  long  descending  tract.  These  fibers  form  a  well 
developed  fasciculus  and  can  be  traced  from  the  upper  cervical  to  the 
lower sacral region O  f  the spinal cord.  In one case in which a  large hum= 
ber of degenerating fibers were present in the ventral funiculus only (extra 
acutely deficient pigeon), many clear areas were observed in the reticular 
formation  of  the  medulla,  which  were  thought  to  have  housed  neurons 
at  one  time.  This  observation  suggested  that  the  degenerating  fibers 
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be true, this fasciculus of degenerating fibers is descending and constitutes 
a  reticulo-spinal  tract.  Regardless  of  the  origin  of  either  fasciculus,  it 
can  be  concluded from  direct  observation  that  both  fasciculi  are  com- 
posed of very long and large fibers. 
It is of interest that the spino-cerebellar fasciculus became more definite, 
and seemed to contain more degenerating fibers the higher up  the spinal 
cord it was followed (see Chart  1) suggesting that here, as in the periph- 
eral nerves, the axis cylinders were degenerating first at a  distance from 
their trophic cell bodies.  This observation was not necessarily true of the 
degenerating fibers in the ventral funiculus.  No neurons with chromatoly- 
sis were observed in the spinal cord or brain to suggest the origin of these 
degenerating tracts, probably because an axon needs be affected to within 
a  short distance of its trophic cell body (as seemed to be true in the case 
of the dorsal ganglion cells) before lysis of its chromatin takes place. 
(b) Regeneration Experiraents.--15  pigeons that had had leg weakness for 7 to 10 
days were given 50 micrograms of thiamin daily plus diet II, or for convenience were 
fed normal grain.  Studies  on 8 of these with leg weakness  of the same apparent severity, 
and another that had had leg weakness for but 4 days are presented in Table I.  These, 
with the exception of pigeons 1-72 and 1-73, were included in the chart because the 
osmic acid preparations of their brachial and sciatic nerves were suitable for estimating 
the number of myelinated nerve fibers which they contained. 
Reference to Table I  shows that the total number of myelinated nerve 
fibers  in  the  sciatic  and  brachial  nerves  greatly  increased  (more  than 
doubled) during the period of recovery, and that this was accompanied by 
a  corresponding amelioration of leg weakness.  Pigeon  1-61 appeared  to 
walk normally after 33  days of repair, but this pigeon had had leg weak- 
ness but 4 days when thiamin was started.  All of the other repair pigeons 
in  this group  (including others not in the table, of which 6  were studied 
histologically)  had  had  leg  weakness  severe  enough  to  make  standing 
difficult for 7 to  10 days, and these required 6  to 9 weeks for their com- 
plete rehabilitation. 
In  the dorsal ganglia chromatolysis persisted in  many neurons during 
the period of repair  (pigeons  1-48,  1-53,  1-41,  1-55,  and  1-72)  (Fig.  10). 
These cells assumed an apparently normal histological appearance after clin- 
ical rehabilitation appeared complete (pigeons 1-61 and 1-73)  although in 
pigeon 1-72, in which evident paralysis was lacking, very slight chromatoly- 
sis was still evident in a dorsal ganglion cell here and there after 55 days of 
thiamin therapy.  In the repair phase of a chronic thiamin deficient state, 
it appears  that complete regeneration of a  nerve fiber must occur before 
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ently  dying neurons  were  to  be found  in  the  entire  nervous  system until 
very late  in  the  period  of  repair.  An  occasional  dead  cell  was  then ob- 
served in  the  dorsal ganglia,  but  nowhere  else in  the  nervous  system (pi- 
geons 1-61,  1-72, and 1-73). 
A  few degenerating myelinated sheaths were still present 14 and  11 days, 
respectively,  after  therapy  with  thiamin  was  started  (pigeons  1-48  and 
1-53), but these had all disappeared a few days later (pigeon 1-41).  Later, 
TABLE  I 
Reparative Experiments* 
Leg w~ akness  Time 
Dura- 
Pigeon  tion be  -I  •  on 
c^  r  Seventy at  Btl" 
t~er~p  ~  sacrifice 
1-17  t  10  j++++++/  0 
1~8  t  7  [  ++++  114 
1-53/  7/  +++  /11 
1-41[  8  /  ++  /  18 
1-61~  4  j  0  /32 
1-ss  /  8  /  +  /  33 
1-29  [  14:[:  /  0  [  90 
1-72  /  8  /  o  /  ss 
1-73  /  8  I  o  /ss 
Number of myelinated  nerve fibers 
Left  Right  Left 
scistic  bracbial  brachial 
5,28:  3,731  4,439 
--  5,600  -- 
--  4,540  -- 
--  8,190  -- 
--  10,240  -- 
--  9,005  -- 
[1,35!  11,090  11,330 
Posterior  ganglion cells 
Axon r,  ~c-  Necrotic 
tion q :  or dead 
chrorr  b-  dorsal 
ganglion 
tolysis  cells 
;  o 
o 
+-t  o 
o  + 
+  o 
+ 
+ 
This table shows  the relative number of myelinated nerve fibers that were found 
in segment B of the sciatic and brachial nerves of pigeons with severe leg weakness 
(+ + + + + +), and of others that were recovering from this same degree of paralysis. 
0 indicates absence of changes and -- indicates absence of data. 
* All  pigeons in  this group had leg weakness so severe that  they were unable to 
stand (+ + + + + +) before they were given thiamin therapy. 
t Number of days that 50 or 100 micrograms of thiamin were given before the pigeons 
were sacrificed. 
:~ The most severely paralyzed pigeon in this group. 
during  the  repair period, many regenerating myelin sheaths  stained black 
by the  chlorate-osmic acid method.  These fibers had the general appear- 
ance  of  the  chlorate-osmic  acid-stained  myelin  sheaths  that  were  to  be 
seen in  the  sciatic nerves of starving rats,  except that  the unstained  vac- 
uoles  occupied  by  the  lipoidal  droplets  were  very  much  smaller  in  the 
regenerating peripheral nerves of the pigeon. 8 
6 In starving rats, in others that were being repaired from starvation, and in pigeons 
being repaired from thiamin deficiency,  many intact myelin sheaths stained black in 
the  chlorate-osmic acid  solution.  It is  the  opinion of  this  laboratory that  in  each 
instance changes in the myelin of a similar nature are taking place. ROY  LAVER  SWANK  695 
A more detailed study of the process of regeneration of the axis cylinder 
or the myelin sheath  was not made. 
(c) Observations on Other Tissues.--In  the acutely deficient pigeons no remarkable 
changes were observed in  the heart,  lungs, liver, or kidneys.  However, in the very 
chronically deficient pigeons, gross evidence of cardiac failure (pulmonary congestion 
and edema, hydropericardium,  congestion of the liver, and  edema of the connective 
tissue and muscles of the breast and legs) were seen postmortem.  The hearts of many 
of these pigeons were not remarkable, but in a few there were scattered areas of early 
necrosis, and in two many areas of advanced necrosis with inflammatory cell infiltration. 
In all lungs of pigeons with cardiac failure, marked congestion and edema was verified 
histologically.  In most livers marked atrophy was evident histologically and in a few, 
focal areas of necrosis were easily found.  Marked atrophy was also observed in many 
cells lining the convoluted and  collecting tubules  of the kidneys,  in  the chronically 
deficient pigeons. 
4.  Starvation  Control Pigeons.--3  pigeons on  this  regimen  were studied 
in the routine manner.  One had starved 15 days, losing 29 per cent of its 
original body weight, the second 19 days, losing 30 per cent of its original 
body weight,  and  the  third  for 33  days, losing 39 per cent of its original 
body weight.  In  the  first 2  pigeons,  a  few non-degenerating  myelinated 
nerve  fibers in  the peripheral  nerves became black in  the  chlorate-osmic 
acid stain,  but many more such fibers were to be found in  the peripheral 
nerves of the pigeon that had starved 33 days.  In this pigeon a number of 
similar black fibers were found also in the spinal cord, where they seemed 
to be more numerous in the ventral funiculus than  elsewhere.  A  number 
of shrunken neurons were to be found throughout the nervous system, but 
none of these were pathological.  No starvation  control pigeon exhibited 
paralysis of any type. 
DISCUSSION 
The  data  presented here permit  of a  few generalizations  in  correlation 
of  the  histopathology  of  thiamin  deficient  pigeons  with  their  behaviors. 
These will be presented and discussed in the following order. 
I.  Opisthotonus  may  be  attended  by no  degenerating  nerve  fibers  in 
either  the  central  or peripheral  nervous systems. 
2.  Leg weakness is attended by degeneration of peripheral  nerve fibers. 
3.  The  large  and  long  myelinated  nerve  fibers degenerate  first  and  to 
the  greatest  extent. 
4.  The  process  of  degeneration  is  initiated  in  the  axis  cylinder  and 
occurs first at a point most distal to the cell body.  From there disintegra- 
tion  proceeds centralward  toward  the  cell body.  Changes  in  the myelin 
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5.  Following  degeneration  of  its  axis  cylinder,  a  cell  body  exhibits 
chromatolysis. 
6.  Most  peripheral  nerve  fibers  regenerate;  very  few  lower  motor 
neurons die. 
7.  Focal necrosis of the myocardium was found in instances of failure of 
the  cardiac muscle. 
Degenerating nerves in either the central or peripheral nervous systems 
are coincidental to, rather than responsible for, opisthotonus, but because 
of  the  dietary  regimen  frequently employed to  produce  this  symptom, 
degenerating  nerve  fibers  are  usually  found.  This  fact  suggests  that 
opisthotonus is cured quickly by thiamin because the essential lesion which 
causes it is chemical in nature.  As this impaired mechanism or reaction 
is  not  due  to  a  structural  alteration  (degeneration), normal function is 
resumed  as  soon  as  the  deficient  substance  (thiamin)  is  administered. 
Because the opisthotonus  of thiamin  deficiency is  similar in  appearance 
to the opisthotonus of decerebration, one is led to the conclusion that the 
fundamental causative mechanism in  the two instances is  the same.  In 
thiamin deficiency decerebration is probably due to temporary cessation of 
function of the neurons in  the higher centers.  The lower centers are in 
this way left uninhibited, and decerebrate rigidity, of which opisthotonus 
is the most dramatic symptom, results. 
Leg weakness, on the other hand is a lower motor neuron type of paraly- 
sis and is attended by degeneration of nerve fibers within the sciatic nerves. 
The  severity of this  symptom varies directly with  the number of fibers 
which degenerate, and its improvement when thiamin is given correlates 
closely with  the  regeneration  of  myelinated nerve  fibers  in  this  nerve. 
The question of specificity of thiamin for leg weakness in chronically defi- 
cient pigeons is  discussed elsewhere (15)  and was confirmed by the data 
presented in this paper.  There can be no reasonable doubt that leg weak- 
ness in the pigeon can be due to a deficiency in thiamin, and that regenera- 
tion  of peripheral nerve fibers in  these animals  is  a  specific response  to 
the  addition  of  thiamin  to  the  diet.  From  the  fact  that  degenerating 
nerves in the brain or spinal cord, i.e.,  after section of the spinal cord, do 
not  regenerate for  any great distance in  normally nourished animals,  it 
is obvious that thiamin could not be expected to cause these fibers to re- 
generate in  deficient ones. 
From direct observation  it  seemed obvious that  as  a  group,  the large 
myelinated peripheral nerve fibers degenerated early in chronically thiamin 
deficient pigeons.  The absence of degenerating nerve fibers in the short 
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paralysis, and the apparent preponderance of degeneration in nerve fibers 
that have their origin from cells in the dorsal ganglia, indicated that the 
long nerve fibers (which are probably also the large ones) were also among 
those that degenerate very early in these pigeons.  In the central nervous 
system the long (also large)  ascending spino-cerebellar fibers, and the pre- 
sumably descending fibers in the ventral funiculus, which were also of the 
long and large variety, degenerated very early in thiamin deficient pigeons. 
When the deficiency was prolonged, many degenerating fibers appeared in 
the short nerve to the major pectoral muscle, and scattered degeneration 
was observed in the spinal cord.  Had birds similar to those used by Ved- 
der been studied, one would have expected to find the degeneration general- 
ized, instead of confined to one group of fibers. 
In this connection it is of interest that ataxia was the first sign of paraly- 
sis in the legs to appear.  This correlates well with the appearance first of 
degeneration in  the long and  large  nerve fibers  from the  dorsal ganglia. 
When the leg involvement became marked,  and motor enervation to the 
muscles of the legs seemed obvious, practically all myelinated nerve fibers 
in  the  most  distal  segment  (D)  of  the  sciatic  (also  brachial)  nerve were 
degenerating.  There  can  be  little  doubt  that  many ventral horn motor 
neurons were then affected, although degeneration of their axis  cylinders 
and myelin sheaths was never observed in the ventral roots of the spinal 
cord,  presumably  because  the experiments were not  allowed  to  continue 
for long. 
When a  neuron is subjected to a  slow depletion of thiamin (chronic re- 
gimen),  its  axis  cylinder  degenerates  at  a  point  most  distant  from  its 
trophic cell body.  This conclusion is based upon the direct observations 
(a)  that  the  number of  degenerating fibers  in  any peripheral  nerve was 
less near the spinal cord than at any point distal to this, and (b)  that the 
process of degeneration stopped as the spinal cord was approached, and left 
the most proximal part of the axis cylinder intact.  It would appear that 
the axis  cylinder degenerated at  this point first because of the apparently 
greater  difficulty with  which this  part  of  the neuron  is maintained  in  a 
normal state.  Its myelin sheath also degenerated, but this occurred after 
the  axis  cylinder  had  disintegrated.  This  general  scheme  seemed  to  be 
true  of  the  central  nervous  system  also,  but  this region  is  much  more 
difficult of direct proof.  It is of interest that the peripheral processes of 
the dorsal ganglion cells degenerated, whereas the central processes of these 
cells which enter the dorsal funiculus and form the fasciculi cuneatus and 
gracilis were unaffected.  This would indicate  that  the process of degen- 
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preserve the integrity of the neuron.  Had the central processes of the dor- 
sal ganglion cells degenerated, a permanent loss of function with ultimate 
death of the neuron would have resulted, as degenerated nerve fibers in 
the  central nervous  system do  not  regenerate.  It  is  of interest in  this 
connection that Zimmerman found degenerating nerve fibers in  the pos- 
terior funiculus of the spinal cord in dogs that were fed a  B~ complex-free 
diet (19). 
When the axis cylinder had been damaged severely enough, and for as 
long or longer than 4 days, the trophic cell bodies exhibited the phenomenon 
referred to as chromatolysis.  Regardless of the cause for degeneration of 
the axis cylinder, it would appear from these time relationships that the 
chromatolysis in  the  dorsal  ganglian  cells was  a  response  to  it.  These 
cells continued to exhibit chromatolysis during the entire period of repair; 
in one instance after treatment with thiamin for 55  days.  This suggests 
that chromatolysis is an indication of the neuron's effort to regenerate its 
axis cylinder. 
In spite of the many severely degenerated peripheral nerve fibers, and 
the large numbers of cells in the dorsal ganglia which exhibited chromatoly- 
sis, all data indicate that very few of these neurons died.  It is reasonable 
to assume, though, if the deficiency had been continued for a long enough 
time, that many more necrotic neurons would have been present.  In one 
acutely  deficient pigeon,  necrotic  cells  were  seen  in  the  dorsal  ganglia 
(Fig.  7).  It  is not unlikely that  a  complete thiamin deficiency had oc- 
curred suddenly in these cells and, as a result, death of the entire neuron, 
instead of degeneration alone of the axis cylinder, had occurred.  Corollary 
to this, focal areas of necrosis were observed in the myocardium of chron- 
ically deficient pigeons that were sacrificed, and of dogs that had died from 
acute cardiac failure due to thiamin deficiency/ and  similar lesions were 
seen in the livers of chronically deficient pigeons.  Although neurons can 
die acutely as a  result of a  complete thiamin deficiency, this occurrence 
must be extremely rare as it was observed in but one pigeon. 
Many degenerating nerve fibers were seen in the brain and spinal cord 
of chronically deficient pigeons.  As regeneration of nerve fibers does not 
occur in the central nervous system, many neurons would ultimately die. 
In this study no evidence of this end-stage of degeneration was seen, prob- 
ably  (1)  because  the percentage of degenerating nerve fibers was  small 
and their trophic neurons scattered, and (2)  because an insufficient period 
7 This  observation was made in collaboration with Dr.  C.  S. Burwell, Dr.  Reno 
Porter,  and Dr. Andrew Yeomans.  This and other observations concerning thiamin 
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of time had elapsed for retrograde degeneration to have occurred by the 
time the pigeons were sacrificed.  Had the period of deficiency been pro- 
longed, as it was in many of Vedder's experiments, it is not unlikely that 
many neurons in all parts of the brain and spinal cord would have degen- 
erated. 
Early reductions in the functional capacity of the heart (as indicated by 
evidences of cardiac failure) were not accompanied by microscopic changes 
in the myocardium.  However, in about half of the hearts from  chronically 
deficient pigeons which were studied histologically, early  but definite de- 
generative  changes  were  evident,  and  in  a  few,  areas  of  focal  necrosis 
with  inflammatory cell  infiltration  were  found.  Here,  as  in  the  nerve 
cells,  the chemical mechanisms seem to be affected first by a deficiency in 
thiamin.  This  was  followed soon  by  definite morphological alterations. 
Hydropic degeneration of the myocardium has been observed in the hearts 
of patients that died from beriberi  (20,  21).  This  type of degenerative 
lesion was not observed in the pigeon. 
It is now possible to visualize in the gross the changes which occur in 
a large neuron when it is subjected to a  deficiency of thiamin.  Probably 
in every instance a functional alteration, which is accompanied by a cessa- 
tion of function, occurs first.  If thiamin is administered during this period 
the cell returns quickly to normal.  This is illustrated clinically in a  bird 
with opisthotonus.  If the thiamin deficiency is  complete and  continued 
for too long a  time, the neuron dies.  This occurrence is indeed rare  as 
compensatory mechanisms, i.e.,  vomiting (thiamin requirement is directly 
proportioned to  the carbohydrate intake  4)  and release of tissue stores of 
thiamin,  intervene.  If,  as  usually  occurs,  the  deficiency is  partial,  the 
axis cylinder degenerates at a point most distal to its cell body.  The proc- 
ess of disintegration of the axis  cylinder proceeds toward the cell body, 
and probably results ultimately in the death of the neuron unless a supply 
of thiamin becomes available.  The myelin sheath degenerates also,  but 
this follows the loss of its  axis  cylinder.  In  response to  damage  to  its 
axis cylinder, the cell body exhibits the changes referred to collectively as 
chromatolysis.  When thiamin is given, the axis cylinder, if it is located 
in a peripheral nerve, regenerates and eventually functions normally again. 
During the period of regeneration,  the cell body exhibits  chromatolysis, 
which  disappears  only  after  complete  repair  of  the  axis  cylinder  has 
occurred. 
The  very  early  changes in  the myelin sheaths which Vedder thought 
were degenerative (1) appear to be very similar to the changes which occur 
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preparations he observed that the small darkly stained discs in the myelin 
sheaths (presumably the lipoidal droplets) became smaller and eventually 
disappeared  as  a  deficiency in  thiamin  developed.  It  is  true  that  his 
birds had been on the diet for a  very long time and were emaciated,  so 
it is possible that this appearance was identical to the changes which have 
been observed in the nerves of starved rats 2 and was coincidental rather 
than due to the deficiency in vitamin B1.  There can be no doubt, however, 
that  a  large  number of  degenerating nerve  fibers was observed by  this 
investigator and others in the nervous systems of thiamin-defcient animals. 
It should be unnecessary to point out again that blackening of myelin 
sheaths by the Marchi method is not, per se, pathognomic of degeneration; 
one must see direct evidences of degeneration in  the axis  cylinders and 
myelin sheaths before such a  conclusion can be  reached.  As  starvation 
produces changes in the myelin that cause it to stain by the Marchi type 
of stain, and as it almost universally occurs concomitantly with deficient 
states, it is not surprising that this confusion has arisen.  Those who failed 
to observe degenerative changes in the nervous systems of thiamin deft- 
dent animals either studied very acutely deficient animals in which degen- 
eration  may  be  absent,  or  killed  their  animals  before  the  products  of 
degeneration were stainable by  the conventional Marchi method.  (As a 
rule, 4 days are required for the degenerative products to become stainable 
by this method.) 
SUM:MARY AND CONCLUSIONS 
A  correlation  of the histopathology  and clinical  behavior of thiamin 
deficient pigeons has been undertaken.  Opisthotonus in acutely deficient 
pigeons was frequently attended by no degenerating nerve fibers or neurons 
in either the central or peripheral nervous systems.  When the deficiency 
was  complicated by  starvation,  it  developed more slowly, opisthotonus 
appeared later, and many degenerating nerve fibers were usually present. 
In both instances the opisthotonus disappeared in a very short time after 
thiamin was injected intramuscularly. 
A more chronic deficiency, characterized by leg weakness (opisthotonus 
being absent) appeared when the ration was partially deficient in thiamin, 
or occasionally when the caloric intake was grossly inadequate.  In birds 
of this type degenerating nerve fibers were always found in the peripheral 
nerves.  The  number of  such  fibers  in  the  sciatic  nerves  corresponded 
closely  with  the  degree  of  paralysis,  and  during  repair  which occurred 
when  thiamin  (irrespective  of  other  factors)  was  added  to  the  ration, 
nerve fibers regenerated (increased in number) at a  rate which paralleled 
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of which could be traced directly into the dorsal ganglia, degenerated first, 
and if the deficiency were prolonged, smaller nerve fibers became affected 
as well.  In many of these pigeons with marked leg weakness, cell bodies 
in the dorsal ganglia exhibited lysis of chromatin and eccentricity of their 
nuclei.  This was observed nowhere else in the nervous system.  During 
repair and until after the paralysis had been recovered from completely, 
these phenomena (chromatolysis) persisted. 
In  chronically  thiamin  deficient pigeons  large  and  long  degenerating 
nerve fibers were found in two regions of the spinal cord at all levels.  One 
group of these in the ventral funiculus was thought to arise in the reticular 
region of the medulla oblongata, and the other which was situated in the 
posterior part of the lateral funiculus could be followed to the lateral sur- 
face of the medulla oblongata, and from there by way of the inferior cere- 
bellar  peduncles into  the  medullary portion of  the  cerebellum.  In  the 
central as well as the peripheral nervous system the long and large nerve 
fibers  degenerated  first.  Medium  and  small  sized  fibers  were  affected 
later and the degeneration became quite generalized. 
In many of  the  chronically deficient pigeons with leg  weakness, inci- 
dental postmortem findings compatible with cardiac  failure were encoun- 
tered.  In the hearts from many of these pigeons, microscopic examination 
revealed many areas of focal necrosis, some of which had become infiltrated 
with polymorphonuclear leucocytes. 
In a peripheral neuron of a thiamin deficient pigeon the first consistent 
morphological alteration appeared in the axis cylinder.  No doubt a period 
of functional impairment of the neuron (such as produced opisthotonus) 
preceded this.  The  axis  cylinder followed by the myelin sheath degener- 
ated at a point most distal to its trophic cell body.  This process of dis- 
integration proceeded toward the trophic cell body for a variable distance, 
depending upon  the  severity  and  duration  of  the  deficiency.  The  cell 
body  (in  a  dorsal ganglion)  appeared  to  shrink first and later  exhibited 
chromatolysis.  When  thiamin was  administered the  axis  cylinder  (and 
myelin sheath) regenerated, and when this was complete, the cell body re- 
turned to normal. 
It has been concluded that the opisthotonus of thiamin deficiency is a 
manifestation  of  decerebration  due  to  a  functional  impairment  of  the 
neurons  which have an inhibitory influence upon  the  lower  brain  stem 
centers.  Leg  weakness  (when  produced by  the  same deficiency) is due 
to degeneration of peripheral nerve fibers within the sciatic nerve.  Heart 
failure may be attended  by no visible  histological changes, but in many 
instances necrosis of myocardial fibers occurs. 702  AVIAN THIAMIN DEFICIENCY 
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EXPLANATION  OF PLATES 
PLCTv. 31 
FIGS. 1 a and b.  Dissection of the brachial (A) and sciatic (B) nerves (approximately 
normal size) showing how each nerve was utilized for histological  study,  x  indicates 
the portion of brachial nerve (braehial plexus) which was removed and sectioned with 
the dorsal and sympathetic ganglia  and spinal  cord.  P.~. indicates the nerve to the 
major pectoral muscle.  A, B, c, and D indicate which  segments  of the brachial and 
sciatic nerves were stained by silver or osmic acid, and the relative position of  these 
segments as listed in Chart 1. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE VOL.  71  PLATE  31 
FIG.  1 
(Swank: Avian thiamin deficiency) PLATE 32 
FIG. 2.  Segment B of the sciatic nerve of pigeon 9-1.  Note one fragmented myelin 
sheath at top of figure.  Osmic acid.  X  350. 
FIG. 3.  Segment D of  the sciatic nerve  of pigeon 9-1.  Note  the large number  of 
moderately well advanced degenerating nerve fibers.  No intact large myelin sheaths 
were to be found in this segment of nerve.  Osmic acid.  ×  350. 
FIc. 4.  Brachial nerve of pigeon 9-8 within a millimeter or two of the dorsal ganglion. 
Note absence of granular degeneration of axis cylinders at this point, although a  few 
degenerating fibers were seen just distal to this point.  Silver method.  X  350. 
FIG. 5.  Segment A of the brachial nerve of pigeon 9-8.  Note axis cylinders in early 
stages  of  degeneration.  Silver method.  X  350. 
FIG. 6.  Segment c  of the brachial nerve of pigeon 9-8.  Note large number of far 
advanced degenerating axis cylinders.  Fragmentation  of  the  myelin sheaths  is also 
evident in this segment of nerve.  Silver method.  X  350. 
FIG. ?.  Necrotic dorsal ganglion cells stained by i  per cent  carbolfuchsin.  Taken 
from  acutely deficient pigeon.  Chlorate-osmic acid preparation.  X  550. THE JOURNAL  OF  EXPERIMENTAL  MEDICINE VOL.  71  PLATE  32 
(Swank: Avian thiamin deficiency) PLATE 33 
FIO. 8. Segment c of brachial nerve in pigeon 9-3.  Note axis  cylinder in very early 
stage of degeneration.  No segmentation of the myelin has occurred as yet.  Silver 
method.  X  550. 
FIc. 9. Dorsal ganglion  of pigeon 8-7.  There are four chromatolized cells  with 
eccentrically  placed nuclei in this  field. Cresyl violet.  X  550. 
FIO. 10. Dorsal ganglion of pigeon 1-41.  There are three chromatolized cells  with 
eccentrically  placed nuclei  in this  field. This animal had been receiving thiamin daily 
for 18 days.  Cresyl violet.  )< 550. THE JOURNAL  OF  EXPERIMENTAL  MEDICINE VOL.  71  PLATE 33 
(Swank: Avian thiamin deficiency) PLATE 34 
FIO.  ll.  Cervical spinal cord of pigeon not included in chart.  Note degenerating 
myelin sheaths  in dorsal part  of the lateral  funiculus.  Chlorate-osmic acid method. 
×  26. 
FIG. 12.  Brain stem at level of fourth ventricle in same pigeon.  Note degenerating 
fibers in the inferior cerebellar peduncle which are entering the cerebellum.  Chlorate- 
osmic acid method.  ×  26. 
FIc. 13.  Dorsal ganglion, proximal and distal roots of the dorsal ganglion, ventral 
spinal cord roots, and short segments of peripheral nerve in pigeon 8-7.  Note that the 
degeneration  approaches  the  dorsal  root  but  not  the  ventral  root.  Chlorate-osmic 
acid  method.  ×  26. 
FIG. 14.  Spinal cord of pigeon 8-7 at level of the cervical enlargement.  Note large 
number  of  degenerating  fibers  in  the  ventral  funiculus  only.  Chlorate-osmic  acid 
method.  ×  26. 
FIG.  15.  Sacral spinal  cord from pigeon 8-7.  Note  degenerating fibers  in  ventral 
funiculus  only.  Chlorate-osmic  acid  method.  ×  26. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 71  PLATE  34 
(Swank: Avian thiamin deficiency) 